Abstract-The renin-angiotensin system plays an important role in the control of blood pressure (BP) and renal function.
R
enin is a limiting factor in the production of angiotensin II. While the kidney is the source of the bulk of circulating renin, nearly every tissue and organ express renin along with other components of the renin-angiotensin system (RAS) comprising the so-called "local" RASs. 1 The RAS is involved in blood pressure regulation, kidney and vascular function, angiogenesis, thirst, and many other physiological and pathological conditions, and it has been widely studied in animals and humans, mostly through the use of angiotensin II receptor blockers and angiotensin-converting enzyme inhibitors. Much of our understanding of the regulation of this system has come from a variety of animal models; however, renin function has not been fully characterized in laboratory rats, the preferred model for blood pressure regulation.
We recently produced the first site-directed gene knockout (KO) in the rat using a new technology called zinc-finger nucleases (ZFNs). 2, 3 ZFNs are engineered proteins that can be injected into the pronucleus of a single-cell embryo to induce deletion mutations in the target region, producing a gene KO and therefore enabling the direct correlation of gene function to phenotypes. Although the renin gene has been knocked out previously in the mouse, 4 -10 some strains of mouse possess 2 renin genes as well as several other features that make the RAS different between mouse and human, 11 opening the possibility to study renin function in another species.
In this study, we report the first physiological characterization of the renin KO rat. We have measured renin production and expression, kidney and heart histology, blood pressure, and renal function. Renin KO was validated by measuring renin expression and activity in plasma, kidney, and skeletal muscle.
Methods
All animal procedures and breeding were performed at the Medical College of Wisconsin under protocols approved by the Institutional Animal Care and Use Committee.
Generation of a ZFN-Mediated Renin Gene KO Rat
ZFN constructs specific for the rat renin gene were designed, assembled, and validated by Sigma-Aldrich, to target exon 5 (target sequence ACCCTTCATGCTGGCCAAGTTTGACGGGGTTCTG-GGCATG) where 1 ZFN binds to each underlined sequence on opposite strands. The DNA recognition helices for the renin gene ZFNs are as follows: TSGHLSR RSDNLSV RNASRIT RSDNLSE DRSHLAR from the N to C terminus of the left-hand ZFN; RSDSLSV DRSHLAR RSDVLSE TSGSLTR RSDHLSR DRSNLTR from the N to C terminus of the right-hand ZFN. mRNA encoding the renin ZFNs was diluted in microinjection buffer (1 mmol/L Tris, 0.1 mmol/L EDTA, pH 7.4) at a concentration of 2 ng/L and injected into 1-cell SS/McwiHsd (SS) rat embryos as described previously. 3 Two hundred one embryos were injected and transferred to pseudopregnant Sprague Dawley females, of which 31 pups were born. At 10 days of age, pups were ear punched, and DNA was extracted and screened for ZFN-induced mutations as described previously. 3 Briefly, DNA extracted from ear tissue was amplified using primers flanking the above target sequence Ren_F (5Ј-gtgaaagccagagcagatcc-3Ј) and Ren_R (5Ј-ggaccacctaatcaggagca-3Ј). PCR products were heat denatured, reannealed (95°C, 2 minutes; 95°to 85°C, Ϫ2°C/s; 85°to 25°C, Ϫ0.1°C/s; 4°C indefinitely), and subjected to cleavage by the Surveyor Nuclease (Cel-I; Transgenomic) according to the manufacturer's instructions. Ten microliters of each reaction were loaded on a 10% Tris/Borate/EDTA polyacrylamide gel (Bio-Rad Laboratories) and poststained with 1ϫ GelStar nucleic acid gel stain (Cambrex Bio Science). Among the 31 pups born, 1 positive female was identified and sequenced to reveal a 10-bp frameshift deletion of gccaagtttg in exon 5 of the renin gene, resulting in truncation of the normal 402-amino acid renin protein after amino acid L185 and insertion of 28 additional nonsense amino acids before a stop codon is introduced. As previous reports 2, 12 have demonstrated that off-target effects of ZFNs are rare and can therefore be easily separated from the target locus by backcrossing, the founder female rat was backcrossed to an SS male. To further mitigate any possible effects of off-target mutations, multiple separate pairs of mutation-carrying progeny were then intercrossed to generate an F2 population that was used for phenotyping and breeding to homozygosity.
Measurement of Renin Activity, Plasma Ang I Levels, Renin Gene Expression, and Immunohistochemistry
Eight-week-old rats (RenϪ/Ϫ, Renϩ/Ϫ, and wild-type Renϩ/ϩ littermates) were anesthetized with pentobarbital. One milliliter of blood was collected by direct cardiac puncture for plasma renin activity (PRA) and analyzed based on the method of Sealey et al. 13, 14 Kidneys from each animal were collected for expression and histological analysis. For histological analysis, 1 kidney from each animal was placed in a 10% formalin solution in phosphate buffer. The kidneys were paraffin embedded using an automatic tissue processor (Microm HMP 300), cut in 3 m sections (Microm HM355S), and mounted on silanized/charged slides. Slides were stained with Gomori's One-Step Trichrome or immunohistological detection of renin as described previously. 15 Briefly, slides were deparaffinized and incubated in 0.3% hydrogen peroxide and 50% methanol for 30 minutes followed by the endogenous avidin and biotin blocking kit (Vector Laboratories). Slides were blocked in horse serum and incubated against antirenin antibody (1:100; Santa Cruz Biotechnology) for 1 hour. Sections were rinsed and incubated with a biotinylated anti-goat secondary antibody (Vector Laboratories) for 1 hour, followed by Vectastain Elite ABC reagent per the manufacturer's instructions (Vector Laboratories). Staining was visualized with 3,3Ј-diaminobenzidine and peroxidase. Tissue sections were photographed using a Nikon E-400 fitted with a Spot Insight camera.
For measurement of renin mRNA expression, kidneys were quartered, and 1 kidney sample from each animal was homogenized in 1 mL of Trizol (Invitrogen) with a TissueLyser II including a 5-mm stainless steel bead, and 2 cycles of 30.0 Hz for 2 minutes. Total RNA was isolated by guanidinium isothiocyanatephenolchloroform extraction per the manufacturer's protocol. Briefly, RNA from homogenized samples was extracted with chloroform and precipitated with isopropanol. Precipitated RNA was washed 3 times with 70% (v/v) ethanol and resuspended in diethyl pyrocarbonatetreated water. Samples were treated with DNase I (Fermentas) per the manufacturer's protocol, for 15 minutes at room temperature, to remove any potential genomic DNA contamination. RNA quality and concentration were assessed with a nano-drop spectrophotometer at 260 nm, and samples were immediately subjected real-time polymerase chain reaction (PCR) on a 7900HT real-time PCR machine (Applied Biosystems). Samples were run with the Taqman One-step kit (Applied Biosystems) per the manufacturer's instructions and the following oligos: renin forward 5Ј-GGTGCCCTCCACCAAGTGT, renin reverse 5Ј-GCTAGAGGATTCCGAGGAGTC primers, renin probe 5Ј-
(Sigma), or the Taqman Ribosomal control kit. Analysis was performed as described by Knoll et al. 16 The method used for measurements of PRA and Ang I was performed as described previously. 17 Briefly, arterial blood was collected in tubes containing K 3 EDTA and immediately centrifuged at 1500g and 4°C. The samples were thawed on ice, and neomycin sulfate (0.1%), phenylmethylsulfonyl fluoride (0.25%), and maleic anhydrate (0.2 mol/L) were added to 50 L of sample to inhibit converting enzyme and protease activity. After generation, ANG concentration was determined by radioimmunoassay. 17 
Blood Pressure, Renal Function, and Serum Biochemistry
All rats (breeders and experimental animals) were fed 0.4% NaCl AIN-76 diet (Dyets). At 8 weeks of age, rats were placed in metabolic cages (40615; Laboratory Products) to acclimate for 24 hours, followed by a 24-hour urine collection. Urine was measured for total urine volume; Na, K, creatinine, protein, and microalbumin excretion; and urine osmolarity. At 9 weeks of age, rats were anesthetized with 2% isoflurane, and a blood pressure transmitter (PA-C40; DSI) was surgically implanted subcutaneously with the catheter tip secured in the abdominal aorta via the femoral artery. During the transmitter implant procedure, 1.2 mL of blood was collected from the femoral artery for serum analysis. After a 3-day recovery period, blood pressure was measured by radiotelemetry in conscious freely moving animals for 3 consecutive days, 3 hours/ day, and averaged. At the end of the study, the 10-week-old rats were anesthetized with isoflurane, and retroperitoneal fat, kidneys, and heart were collected, weighed, fixed in formaldehyde, and stained for hematoxylin-eosin and trichrome for histological analysis. Serum collected during implant was sent to Marshfield Labs (a division of Marshfield Clinic) for analysis of serum glucose, aspartate aminotransferase (AST), alanine transaminase (ALT), alkaline phosphatase, total bilirubin, cholesterol, total protein, albumin, globulin, urea N, creatinine, phosphorous, Ca, Na, K, Cl, bicarbonate, anion gap, gamma-GT, albumin/globulin ratio (A/G ratio), lactate dehydrogenase (LDH), and creatine kinase (CK).
Results
The SS RenϪ/Ϫ strain has a deletion of 10 bp in exon 5; this causes a truncation of the message from 1451 to 1441 bp leading to a frameshift and premature truncation of the normal open reading frame after codon 185.
Ang I Levels and Renin Expression, Activity, and Immunohistochemistry Figure 1 represents the gene expression of renin in the kidney of the RenϪ/Ϫ compared to the wild-type rats and rats heterozygous for the mutation. RenϪ/Ϫ rats had a 5-fold decrease in renin expression compared to the parental SS rat.
The Renϩ/Ϫ rat also showed a 60% decreased renin expression in the kidney compared to the parental rat. PRA measured in a deeply anesthetized state was 15.6Ϯ2.9 ng Ang I/mL per hour in the SS rats, which was not different in the KO heterozygous rat (17.5Ϯ1.6 ng Ang I/mL per hour ( Figure 2 ). The PRA in the RenϪ/Ϫ rats was undetectable (minimum detectable level of the assay was 0.025Ϯ0.0 ng Ang I/mL per hour). Similarly, there was no difference in plasma Ang I levels between SS and heterozygous rats (0.55Ϯ0.26 ng Ang I/mL in the SS rats versus 0.85Ϯ0.16 ng Ang I/mL in the Renϩ/Ϫ rat), while RenϪ/Ϫ rats' Ang I plasma levels were below background (0.06Ϯ0.03 ng Ang I/mL), as shown in Figure 2 . Also, there was no detectable renin in the juxtaglomerular cells of the RenϪ/Ϫ rat compared to the SS and heterozygous rats (Figure 3 ). Morphometric and urine function measurements of Renϩ/ϩ, Renϩ/Ϫ, and RenϪ/Ϫ rats are shown in Table 1 . Body weight was significantly lower in the RenϪ/Ϫ strain, in both males and females. Heart weight per body weight was also reduced in the RenϪ/Ϫ. As for body fat, retroperitoneal fat weight was reduced in both male and female RenϪ/Ϫ rats. The KO of the renin gene did not affect the mortality rate within the first 6 months of life, which was approximately 10% in all strains. Blood pressure was reduced over 50 mm Hg in both male and female RenϪ/Ϫ rats ( Figure 4 and Table 2 ), and urine flow was significantly increased, but not sodium excretion.
Despite having a reduced protein excretion, the RenϪ/Ϫ rats had an elevated plasma urea and creatinine and a decreased creatinine excretion and clearance, indicating a reduced glomerular filtration. ALT levels were also elevated in the homozygous renin KO rats, which had also high plasma chloride and low bicarbonate, similar to what is observed in a nephrogenic diabetes insipidus.
Other parameters that were measured in serum but were not affected by renin KO were phosphorus, bilirubin, LDH, cholesterol and triglycerides, alkaline phosphatase, and globulin.
Histological Analysis of the Kidneys
Wild-type Renϩ/ϩ kidneys showed a moderate degree of interstitial and perivascular fibrosis throughout the cortex and
SS
Ren-/-Ren+/- outer medulla (Figure 3 ). Moderate protein casts were visible in the cortical collecting ducts; however, the morphology of the inner and outer medulla was normal. Kidneys from both the homozygous and heterozygous renin KO rats were clearly atypical with the homozygous displaying an increasing degree of uncharacteristic features compared to the heterozygotes or the wild-type Renϩ/ϩ. Both RenϪ/Ϫ and Renϩ/Ϫ rats revealed significant architectural abnormalities including a displaced medulla, incomplete formation of the medullary rays, the presence of large central lesions, and cortical thinning, all of which were more pronounced in the homozygotes. Closer examination showed improper orientation of collecting ducts and distal tubules. Tubules were disorganized with no evidence of obstruction. The cortex displayed a "moth-eaten" appearance that continued into the medulla. Intracellular protein globules were evident in the tubular epithelium. Cortical glomeruli were scarce, and those that were present displayed attenuation of capillary loops. Arterioles were dramatically hypertrophied to the extent that many appeared to be completely closed. Both interstitial and perivascular fibrosis was apparent throughout the cortex. Among the most striking features of these kidneys was the extent of chronic inflammatory infiltrates forming fibroid follicles. Tubular lymphohistocytic infiltrate with abundant Values are meanϮSE. BW indicates body weight at 10 weeks of age; HW, heart weight; RKW, right kidney weight; FW, retroperitoneal fat weight; UF, urine flow; UNa, sodium excretion; Uprot, protein excretion; Ucreat, creatinine excretion; Creat Cl, creatinine clearance; BUN, blood urea nitrogen; PlCreat, plasma creatinine; PlCl, plasma chloride; PlBicarb, plasma bicarbonate. *PϽ0.01 from wild type (ϩ/ϩ) within gender; †PϽ0.05 from wild type (ϩ/ϩ) within gender. macrophage and lymphoblastic cell infiltration was most apparent in the homozygotes but was also observed, to a lesser extent, in the heterozygote KOs. Large numbers of apoptotic cells were evident throughout the kidney, but were most pronounced on the periphery of the central lesion and in the papillated villous-like stalks penetrating from the cortex into the pelvis. Hearts from the SS and KOs were morphologically normal. Myocytes appeared normal with no observable hypertrophy or disarray in any of the groups. There was no arteriolar hypertrophy in the hearts of the SS or the KOs.
Discussion
By the use of ZFNs, we have deleted 10 bp in exon 5 of the Ren gene in the rat, causing also a frameshift mutation. This caused inactivation of the renin gene, evidenced by the absence of renin granules in the juxtaglomerular cells of the renal afferent arteriole, and no measurable PRA in the RenϪ/Ϫ rats. Although Ren expression was also reduced in the Renϩ/Ϫ rats, this did not translate in reduced PRA or plasma Ang I levels, suggesting that the remaining, functional Ren allele is capable of maintaining normal PRA in adult rats. The reduced expression of the truncated message in the RenϪ/Ϫ rats could mean an increased degradation of the "abnormal" message. The abnormal mRNA in the RenϪ/Ϫ rats must be really very unstable (probably because of nonsense-mediated decay), since it can be expected that the lack of renin protein leads to a dramatic increase in renal renin transcription.
The disruption of the Ren gene caused profound changes in kidney morphology. This is similar to what has been observed in mouse after the ablation of renin cells. 6 It is not possible to discern which of the observed changes are due specifically to the absence of renin as opposed to the lack of angiotensin II production, since it is known that Ang II inhibition causes changes in the number of glomeruli 11, 18 and mouse KO for other RAS components also show renal abnormalities. 11 Both male and female RenϪ/Ϫ rats show a greatly reduced blood pressure. This has been also observed in mice with different deletions of the RAS system. 5,9,19 -22 This decrease in blood pressure is accompanied by a reduction in the protein excretion, characteristic of the SS rat. 23 This observed reduction in protein excretion is most likely secondary to the lowering of blood pressure. 24, 25 There is also evidence of a decrease in renal function, reflected by the reduced creatinine excretion and creatinine clearance in the renin RenϪ/Ϫ rats. This abnormal renal function could be secondary to a reduction in blood pressure below autoregulation limits or caused by a decrease in the number of glomeruli, and their abnormal morphology. The reduced blood pressure and kidney function did not translate in a higher mortality rate within the first 6 months of life in the renin RenϪ/Ϫ rats, which could be surprising somehow. It is possible, though, that there is a higher mortality rate as rats age.
Other features observed in the RenϪ/Ϫ rats are a decreased body weight and body fat, an increased urine flow with normal sodium excretion, and an increase in serum ALT.
It is interesting to note that the heterozygous Renϩ/Ϫ rats captured some features of the homozygous RenϪ/Ϫ rats, whereas other traits were not different from the parental SS rats. For example, both Renϩ/Ϫ and RenϪ/Ϫ animals displayed significant gross morphological and histochemical changes in the kidney that were qualitatively similar but of greater severity in RenϪ/Ϫ. Despite that, renal function was preserved in the Renϩ/Ϫ. In the heart, where the RAS has been reported to be an important contributor to the hypertrophy and fibrosis observed in the SS rat, 26, 27 there were no differences between the KO and the parental strain.
In the present study, we used ZFN technology to KO renin on the background of the inbred SS rat. This is significant because it allowed us to evaluate the role of renin in the context of a well-characterized disease model and revealed that in this low-renin hypertensive strain elimination of renin results in a profound reduction in blood pressure. Because ZFN technology allows the KO of genes on any genetic background with different susceptibility for specific diseases or traits, it is possible to evaluate the role of a gene such as renin in the pathogenesis of the disease compared to the normal state. This flexibility provides an exceptional tool to study gene-gene interaction and also eliminates the risk of introducing modifier loci that can confound the interpretation of KO experiments.
In conclusion, these studies demonstrate the efficacy of the ZFN technology for creating KO rats on a disease background and emphasize the role of renin in blood pressure regulation and kidney function even in the low-renin SS rat.
Perspectives
Current ZFN technology has enabled the development of gene-targeted KOs in rats in zygotes, without the need of homologous recombination in embryonic stem cells, a tool widely used to modify the mouse genome. Generation of conditional and tissue-specific mutants by homologous recombination in zygotes using ZFN is underway. 28 This will provide an invaluable tool for the study of gene function and, in the case of renin, will allow us to tease out the different roles of the RAS in organ development and function.
